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ABSTRACT 

The  soils  of  Sub-Saharan  Africa  are  generally  relatively  of  low  inherent  fertility  status  because  of  the  nature  of 
the  soils,  climatic  conditions  and  scanty  vegetation  cover  that  facilitate  intensive  degradation  and  perennial  loss  of  topsoil 
coupled  with  poor  soil  management  practices.  These  factors  lead  to  poor  crop  yields,  hunger  and  food  insecurity  in  the 
region.  Being  an  organic  based  soil  nutrient  management  systems,  engineered  pyrogenic  carbon  could  be  a  reliable  soil 
management  strategy  for  Sub-Saharan  African.  Pyrogenic  carbon  may  not  be  a  silver  bullet  that  will  solve  environmental 
problems  without  a  much  wider  and  far-reaching  strategy.  But  it  can  provide  an  important  tool  for  addressing  a  wide 
range  of  the  major  challenges  bordered  around  soil  degradation  and  food  insecurity,  climate-smart  agriculture,  and  waste 
management.  This  review  therefore,  synthesizes  current  knowledge  regarding  the  behavior  of  engineered  pyrogenic  carbon 
as  a  soil  amendment  in  order  to  highlight  its  prospects  for  revitalizing  the  low  fertility  status  of  the  soils  of  Sub-Saharan 
Africa.  Studies  show  strong  evidence  that  engineered  pyrogenic  carbon,  especially  the  cost-effective  biochar,  retains 
recalcitrant  carbon  in  the  soil  that  could  improve  soil  structure,  increase  nutrient  retention  and  availability,  prevent  loss  of 
nutrients,  support  crop  growth  and  increase  crop  yields.  It  is  imperative  therefore,  that  the  ability  to  revitalize  the  low 
fertility  status  of  Sub-Saharan  soils  lies  on  biochar,  a  cost-effective  engineered  pyrogenic  carbon  that  smallholder  African 
farmers  can  afford. 
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INTRODUCTION 

Pyrogenic  carbon  is  Ihe  pyrolyzed  carbon  component  of  any  carbonaceous  material  which  has  undergone 
incomplete  combustion.  It  is  inclusive  of  many  other  terms,  including  soot,  char,  black  carbon,  charcoal,  biochar, 
micro  graphite  and  a  range  of  other  compounds  of  pyrogenic  origin  whether  they  are  naturally  made  result  of 
anthropogenic  activity.  In  a  bid  to  differentiate  between  the  carbon  component  and  the  organic  material  itself,  different 
researchers  have  come  up  with  terms  such  as  pyrogenic  organic  matter  while  referring  to  the  organic  materials  which  have 
undergone  pyrolysis,  strictly  using  the  term  “pyrogenic  carbon”  for  the  carbon  component  alone. 
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The  term  “engineered  pyrogenic  carbon”  was  coined  to  differentiate  between  pyrogenic  carbon  formed  not  from 
natural  occurrences  or  wildfire  but  from  the  carefully  prescribed  process  of  burning  that  consciously  excludes  oxygen  in 
order  to  obtain  pyrogenic  carbon  similar  to  those  native  to  our  environment.  Biochar  and  activated  charcoal  therefore,  fall 
under  this  category.  Seeing  that  biochar  is  more  cost  effective  and  therefore  suitable  for  agricultural  production 
(Fengjiee/  al.,  2015),  the  term  engineered  pyrogenic  carbon  in  this  paper  refers  to  biochar. 

In  the  past  decade,  it  has  been  recognized  that  pyrogenic  carbon  is  a  significant  component  of  the  anthropogenic, 
highly  fertile,  Amazonian  dark  soil,  terra  preta  (Glaser  et  al.,  2001).  This  observation  has  stimulated  interest  in  biochar  as  a 
tool  for  improving  soil  fertility  and  crop  yields  and,  as  a  result  of  its  apparent  environmental  stability 
(Sohie?  al.,  2010;  Kuzyakovef  al.,  2014),  to  provide  significant  long-term  soil  sequestration  of  carbon  to  offset  a  significant 
fraction  of  anthropogenic  emissions  (Lehmann,  2007  and  Woolf  et  al.,  2010). 

True  to  these  assumptions,  biochar  has  shown  close  similarity  to  the  pyrogenic  carbon  of  the  Amazonian  terra 
preta  and  the  incorporation  of  biochar  into  the  soil  has  been  shown  to  have  many  beneficial  effects,  such  as  increasing  crop 
yield  and  mitigating  soil  nutrient  losses  (Sohie/  al,  2010;  Spokase/  al.,  2012;  Clough  et  al.,  2013).  Therefore,  interest  in 
the  use  of  biochar  as  a  soil  additive  has  been  expanding  because  of  its  dual  benefits  of  carbon  sequestration  and  soil 
fertility  improvement  (Sohie/  al.,  2010). 

The  prospects  that  biochar  presents  for  soil  management,  soil  quality  improvement  and  long-term  climate  change 
mitigation  has  provided  a  recent  stimulus  to  research  factors  controlling  pyrogenic  carbon  stability,  degradation  potential 
and  interactions  between  pyrogenic  carbon  and  the  environment.  This  review  therefore,  synthesizes  current  knowledge 
regarding  the  behavior  of  engineered  pyrogenic  carbon  (biochar)  as  a  soil  amendment  and  its  potential  in  revitalizing  low 
fertility  Sub-Saharan  African  soils. 

Statement  of  the  Problem:  It  is  a  common  fact  that  the  soils  of  Sub-Saharan  region  have  relatively  low  inherent 
fertility  due  to  degradation  and  loss  of  topsoil  to  wind  erosion  and  desertification  resulting  in  reduced  accumulation  or  low 
level  of  organic  matter  coupled  with  poor  soil  management  practices  of  the  fragile  soils  (Omotayo  and  Chukwuka,  2009). 

The  present  problem  of  soil  nutrient  depletion  and  degradation  have  been  considered  serious  threats  to  agricultural 
productivity  and  have  been  identified  as  major  causes  of  decreased  crop  yields  and  per  capita  food  production  in  Sub- 
Saharan  Africa  (Henao  and  Baanante,  2006). 

Omotayoand  Chukwuka  (2009)  in  their  review  identified  the  utilization  of  organic  based  soil  nutrient 
management  systems  as  a  reliable  soil  management  strategy  for  Sub-Saharan  African  Soils,  the  incorporation  of  the 
cost-effective  biochar  presents  a  massive  opportunity  for  the  management  of  these  low  fertility  African  soils  while  also 
advancing  climate-smart  agriculture. 

The  objectives  of  this  review  are  to  explain  the  mechanism  of  engineered  pyrogenic  carbon  for  soil  fertility 
improvement  and  to  expose  the  prospects  of  engineered  pyrogenic  carbon  in  managing  low  fertility  soils. 

The  Amazonian  Terra  Preta:  The  Amazonian  terra  pretta  otherwise  known  as  the  Amazonian  Dark  Earth  is  the 
local  name  given  to  the  dark-colored  soils  that  have  been  discovered  in  the  Brazilian  Amazon  region  and  in  several 
countries  in  South  America.  The  origin  of  the  terra  preta  is  not  entirely  clear  because  there  remain  unanswered  questions 
regarding  their  origin,  properties  and  their  distribution.  It  has  been  proposed  however  that  these  dark  soils  were  most  likely 
created  by  the  pre-Columbian  Indians  living  in  the  area  before  the  invasion  by  the  Europeans. 
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Irrespective  of  the  conflicting  theories  that  have  been  presented  about  the  terra  preta,  the  fact  that  has  survived  the 
arguments  and  received  wide  acceptance  is  that  these  dark  earth  are  highly  fertile  and  were  a  product  of  indigenous  soil 
management  in  the  region  (Lehmann,  2007). 

The  Amazonian  terra  preta  although  differing  in  features  in  different  locations  is  characterized  by  high  soil 
organic  matter  and  higher  cation  exchange  capacity,  base  saturation  and  pH  than  surrounding  soils  lacking  in  that 
distinctive  color  (Liang  et  al.,  2006)...  It  has  also  been  found  that  terra  preta  has  a  high  phosphorus  content  of  about 
200-400mg/kg  (Glaser  et  al.,  2009;Lehmann  et  al.,  2004)  These  impressive  characteristics  obviously  imply  that  the  dark 
soils  of  the  Amazon  are  highly  fertile. 

Soil  Organic  Matter  Content  of  Amazonian  Terra  Preta:  High  black  carbon  content  is  the  most  important 
property  of  the  Amazonian  terra  preta  and  it  is  this  property  that  influences  carbon  dynamics  and  stability  in  these  soils. 
The  Amazonian  terra  preta  has  been  found  to  have  carbon  content  up  to  150g  C/kg  in  comparison  to  the  soils  surrounding 
it  with  a  carbon  content  of  20-30g  C/kg  soil  (Glaser  et  al.,  2001).  In  addition,  the  horizons  which  are  enriched  with  organic 
matter  are  not  just  110-20cm  deep  which  is  a  common  sight  in  several  soil  types.  In  the  case  of  the  terra  preta,  the  organic 
matter  horizon  can  go  as  deep  as  l-2m  (Solomon  et  al.,  2007,  Liang  et  al,  2008). 

Furthermore,  the  organic  matter  content  in  the  dark  soil  is  highly  persistent  backed  by  the  fact  that  these  elevated 
carbon  contents  were  discovered  hundreds  of  years  after  they  were  abandoned.  The  reason  for  this  high  stability  is 
currently  being  studied  by  several  researchers  (Mao  et  al,  2012). 

Nutrient  Dynamics  of  the  Amazonian  Terra  Preta:  The  Amazonian  terra  preta  has  been  analyzed  in 
comparison  to  adjacent  soils  with  relation  to  nutrient  dynamics,  crop  production,  nutrient  leaching  and  nutrient  availability. 

Major  (2005)  reported  that  maize  yield  on  terra  preta  plots  was  63  times  greater  than  corresponding  adjacent  soils 
without  fertilizer  additions.  The  research  also  revealed  that  location  averages  varied  from  0-3.15t/ha  for  the  terra  preta 
plots.  Also,  the  Amazonian  terra  preta  exhibited  species  richness  which  was  11  times  greater  than  corresponding  adjacent 
soil  with  the  terra  preta  plots  accommodating  about  4-14species  of  weeds  while  the  adjacent  soil  exhibited  only  1-8 
species.  An  experiment  was  also  conducted  by  Lehmann  et  al.  (2003)  to  determine  the  soil  fertility  and  nutrient  leaching 
losses  of  Amazonian  terra  preta  in  comparison  with  a  Xanthic  Ferralsol  from  the  region.  This  experiment  which  was 
conducted  on  cowpea  ( Vigna  unguiculata)  and  rice  (Oryza  sativa)  showed  significantly  higher  P,  Ca,  Mn,  and  Zn 
availability  for  the  Amazonian  terra  preta  than  the  Ferraslsol  increasing  biomass  production  and  yield  by  38-45%  without 
any  addition  of  fertilizer.  Lehmann  et  al.  (2003)  also  identified  higher  soil  N  in  the  terra  preta  although  the  wide  C:  N  ratio 
may  have  led  to  lower  foliar  N  contents  of  the  crops.  Interestingly,  with  a  generally  high  nutrient  content  and  availability, 
leaching  was  minimal. 

These  studies  provided  explanations  for  the  sustainable  fertility  of  the  Amazonian  terra  preta  and  it  is  on  this  basis 
that  studies  to  promote  engineered  pyrogenic  carbon  that  would  exhibit  the  same  properties  as  the  terra  preta  for  soil 
improvement  and  climate  change  mitigation  are  being  advanced. 

Frontier  Research 

Research  on  pyrogenic  carbon  whether  natural  or  engineered,  has  been  met  with  interest  by  different  scientific 
communities  and  stakeholders,  hoping  to  explore  the  exciting  perspective  of  waste  and  biomass  management  for  the  future 
economy.  By  exploring  the  precedent  set  by  naturally  occurring  terra  preta,  insight  to  combine  waste  management. 
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bio-energy  production,  climate  change  and  pollution  mitigation  and  sustainable  agriculture  into  one  approach  using  the 
engineered  pyrogenic  carbon  has  been  pursued  by  several  researchers.  This  synergism  however,  is  possible  upon  the 
adequate  study  of  the  characteristics  and  behavior  of  the  natural  pyrogenic  carbon. 

The  frontier  research  in  this  area  therefore,  involves  the  adequate  study  of  the  Amazonian  terra  preta,  its 
distribution,  properties,  and  behavior;  the  development  of  the  man-made  alternative  to  the  natural  terra  preta  and  the 
development  of  a  strategic  approach  that  would  make  such  innovation  highly  beneficial  in  waste  management,  climate 
change  and  pollution  mitigation  and  sustainable  agriculture.  Presently,  it  has  been  found  that  there  is  a  structural  similarity 
between  the  pyrogenic  carbon  in  the  Amazonian  terra  preta  and  that  found  in  biochar.  This  has  led  scientist  to  assume  that 
accumulation  or  purposeful  application  of  organic  carbon  from  incomplete  combustion  may  have  been  the  primary  reason 
for  the  high  carbon  contents  and  fertility  of  these  soils  (Glaser  et  al.,  2001). 

This  is  a  theory  that  had  been  proposed,  but  whether  all  or  some  of  these  soils  were  actually  created  by  char 
applications  to  improve  soils  for  agriculture  has  still  to  be  demonstrated  adequately.  Nevertheless,  there  is  a  huge  potential 
in  the  theory  that  the  terra  preta  was  formed  from  the  incomplete  combustion  of  biomass  during  a  forest  fire  or  similar 
occurrence. 

Natural  vs.  Engineered  Pyrogenic  Carbon:  Natural  pyrogenic  carbon  found  in  the  soil  is  produced  from 
biomass  and  fossil  fuels.  Biomass-derived  natural  pyrogenic  carbon  can  originate  from  wildfires,  prescribed  burnings  for 
agricultural  and  forest  management,  and  other  human  practices  which  may  include  cooking  activities  and  metallurgy 
(Norwood  et  al.,  2013).  In  natural  fire-prone  ecosystems  like  grasslands,  open  woodlands,  and  forests,  wildfires  are  often 
the  most  important  source  of  pyrogenic  carbon  (Nocentiniet  al.,  2010).  Historically,  burning  post-harvest  agricultural 
residues  from  crop  cultivation  and  weeds  was  a  common  agricultural  practice  (Thevenone/  al.,  2010),  therefore,  it  is  the 
primary  pathway  through  which  pyrogenic  carbon  was  introduced  into  agricultural  soils.  In  the  1990s  it  was  estimated  that, 
globally,  at  least  25%  of  agricultural  wastes  such  as  sugarcane  trash  and  crop  straw  were  burned,  producing  pyrogenic 
carbon  (Crutzen  and  Andreae,  1990).  Fossil  fuel  (diesel  and  coal)  combustion  is  another  source  of  pyrogenic  carbon  which 
is  presumed  to  play  a  greater  role  in  industrial  coal  mining  regions  and  urban  areas  than  pyrogenic  carbon  generation  from 
biomass  source  (Knicker,  2011). 

Thermochemical  techniques  for  the  production  of  biochar,  an  engineered  pyrogenic  carbon,  include  slow  and  fast 
pyrolysis,  gasification,  microwave  conversion,  flash  carbonization,  Torre  faction  and  hydrothermal  carbonization 
(Xu et  al.,  2012,  Tan  et  al.,  2015).  Among  them,  slow  pyrolysis,  ranging  from  hours  to  days,  and  generally  with  relatively 
lower  peak  temperatures  (Woolf  et  al.,  2010),  is  most  often  used  for  biochar  production  (Xuef  al.,  2012).  Unlike  soil  native 
pyrogenic  carbon  that  is  historically  formed  in  uncontrolled  natural  conditions,  biochar  is  purposely  manufactured  and  its 
properties  can  be  tailored  under  well-controlled  conditions  to  satisfy  specific  applications.  Pyrolysis  kiln  temperature  is 
regarded  as  the  most  significant  process  parameter  and  is  typically  controlled  within  200-900  °C  (Ahmad  et  al.,  2014). 
The  atmosphere  of  a  biochar  production  chamber  is  normally  controlled  by  the  absence,  or  minimal  oxygen  to  favor  high 
biochar  yield.  Typically,  biochar  yields  from  slow  pyrolysis,  fast  pyrolysis,  and  gasification  are  30%,  12%  and  10%, 
respectively  (Inyang  and  Dickenson,  2015).  Pyrolysis  provides  a  means  of  value  added  management  of  biomass  wastes 
such  as  livestock  manures  for  which  there  are  an  estimated  80  million  tonnes  awaiting  proper  handling  or  land  application. 
In  addition,  compared  to  conventional  waste  management  methods  such  as  direct  application  to  soils  or  composting, 
application  of  biochar  decreases  carbon  degradation  speed  and  greenhouse  gas  emissions.  Furthermore,  compared  to 
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activated  carbon  production,  it  is  often  more  cost-effective  to  produce  biochar  because  of  lower  production  temperatures 
and  the  activation  process  which  is  left  out. 

Table  1  below  shows  the  high  variability  among  the  different  types  of  pyrogenic  carbon  and  their  feedstock. 
The  wildfire  charcoal  does  not  only  differ  from  the  man-made  biochar,  but  also  the  biochar  characteristics  vary  depending 
on  the  production  temperature  (Satin  et  al.,  2013). 


Table  1:  Characteristics  of  Original  Material  (feedstock)  and  Derived  Pyrogenic  Carbon  From  it 


Conversion  (%  Original  Weight) 

C  (%) 

N  (%) 

C/N 

813C  (%») 

Feedstock 

- 

40.5 

1.0 

39.6 

-28.1 

W  ildfireCharcoal 

30 

54.7 

1.3 

44.7 

-29.0 

Biochar  350  °C 

62 

58.3 

1.7 

33.5 

-29.4 

Biochar  500  °C 

46 

64.6 

1.8 

35.0 

-29.2 

Biochar  600  °C 

40 

64.3 

1.3 

49.3 

-29.3 

Source:  Satin  et  al.  (2013) 


Properties  and  Behavior  of  Pyrogenic  Carbon  in  Soil:  Pyrogenic  carbon  is  generally  dominated  by  polycyclic 
aromatic  hydrocarbons  (PAHs);  the  size  of  PAH  clusters  increases  with  temperature  (Me  Beath  and  Smernik,  2009), 
leading  ultimately  to  the  formation  of  micro  graphitic  sheets  (Schmidt  andNoack,  2000).  Pyrogenic  Carbonaceous 
Materials  formed  by  biomass  burning  are  often  heterogeneous  in  nature,  with  both  organized  micro  graphitic  domains  and 
disorganized  domains  of  variably  thermo-chemically  altered  organic  material  (Cohen-Ofriet  al.,  2006).  This  continuum  of 
potential  thermo  chemical  reorganization  confers  a  variable  degree  of  stability  to  subsequent  degradation.  At  one  end  of  the 
pyrogenic  carbon  continuum,  small  PAHs  are  readily  degradable  by  microorganisms,  whereas  at  the  other  end, 
microcrystalline  graphite  is  likely  to  be  highly  resistant  to  degradation  by  any  mechanism  operating  in  the  surficial 
environment. 

Thus  it  is  appropriate  to  conclude  that,  there  is  a  pyrogenic  carbon  degradation  continuum. 
Therefore,  the  assumption  that  pyrogenic  carbon  is  an  inert  and  environmentally  recalcitrant  form  of  carbon  has  been 
replaced  over  the  past  decade  by  a  more  pronounced  understanding  that  pyrogenic  carbon  represents  a  range  of  materials 
with  a  range  of  degradation  potentials  by  a  range  of  mechanisms  (Birds  et  al,  2015). 

It  is  more  appropriate  to  consider  pyrogenic  carbon  in  the  context  of  a  degradation  continuum  ranging  from 
relatively  degradable  lightly  charred  materials  to  highly  condensed  aromatic  materials  that  are  indeed  likely  to  persist  in  the 
environment  for  millennia.  Evidence  that  at  least  a  component  of  pyrogenic  carbon  is  not  inert  comes  from  observations  of 
loss  of  this  carbon  from  soils  over  time  (Hammesef  al.  2008),  changes  to  the  surface  functionality  of  pyrogenic  carbon 
(Cheng  et  al.  2006),  and  changes  in  susceptibility  of  environmentally  exposed  pyrogenic  carbon  to  dissolution 
(Braadbaarte/  al.,  2009,  Ascoughe/  al.,  2011);  from  a  large  number  of  studies  that  have  shown  that  pyrogenic  carbon  can 
support  microbial  respiration  (Kuzyakovef  al.  2014);  and  from  the  detection  of  molecules  of  original  pyrogenic  origin  in 
soil  humus(  Jaf f'eet  al.,  2013).  The  degree  to  which  pyrogenic  carbon  is  susceptible  to  any  of  these  processes  is  dependent 
on  the  nature  of  the  material  itself  (  material  pyrolyzed,  particle  size,  temperature,  time  of  pyrolysis)  and  local 
environmental  conditions  (  such  as  soil  type,  land  use,  temperature,  moisture). 

The  physicochemical  characteristics  of  pyrogenic  carbon  are  complex  and  highly  variable,  dependent  on  the 
organic  precursor  and  the  conditions  of  formation.  A  component  of  pyrogenic  carbon  is  highly  recalcitrant  and  persists  in 
the  environment  for  millennia.  However,  it  is  now  clear  that  a  significant  proportion  of  pyrogenic  carbon  undergoes 
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transformation,  translocation,  and  mineralization  on  comparatively  short  timescales  (Bird  et  al.,  2015) 

After  formation,  the  environmental  temperature  where  sufficient  moisture  is  available  is  directly  and  positively 
related  to  carbon  dioxide  (CO2)  production  from  pyrogenic  carbon  (Cheng  et  al,  2006,  Zimmermann  et  al.,  2012).  Soil 
conditions  also  influence  the  mineralization  of  pyrogenic  carbon,  directly  through  control  of  moisture  and  oxygen 
availability  as  well  as  indirectly  and  interactively  through  parameters  that  influence  the  activity  of  microbial  communities 
and  organomineral  interactions  (Hockaday et  al.  2007).  For  the  above  reasons,  identifying  a  simple  rate  constant  for 
pyrogenic  mineralization  is  difficult. 

Effect  of  Biochar  Addition  on  Soil  Organic  Matter:  Two  major  mechanisms  have  been  proposed  to  explain  the 
short-term  priming  effects  of  biochar  on  soil  organic  matter  decomposition,  both  concerning  the  labile  components  of 
biochar.  The  first  mechanism  is  co-metabolism,  where  the  labile  carbon  in  biochar  activates  soil  microorganisms 
decomposing  soil  organic  matter  (Hameref  al.,  2004;  Luoef  al.,  2011;  Zimmerman  et  al.,  2011;  Maestrinief  al,  2015). 
The  labile  components  of  biochar,  which  make  up  about  3%  of  total  biochar-carbon  with  a  mean  residence  time  of  108 
days  as  estimated  byWang  et  al.  (2016),  are  presumably  water-soluble  C  (Luo et  al.,  2011)  and  largely  composed  of 
non-aromatic  substances  (Singh  et  al,  2012).  Generally,  this  labile  carbon  is  intensively  mineralized  in  the  initial  few  days 
to  weeks  following  amendment  to  the  soil  (Kuzyakovef  al,  2009;  Keithef  al,  2011;  Singh  and  Cowie,  2014),  leading  to  the 
strongest  priming  effects  in  the  first  20  days  (Maestrinief  a  1,20 1 5). 

For  the  second  mechanism,  microbes  may  switch  their  carbon  sources  from  the  recalcitrant  soil  organic  matter  to 
the  easily  available  carbon  in  biochar,  thereby  resulting  in  negative  priming  effects  on  soil  organic  matter  mineralization 
(Wangef  al.,  2016).  In  addition,  a  few  studies  have  found  that  carbonates  contained  in  biochar  may  contribute  to  the  initial 
C02  flush  following  biochar  addition  (Jones  et  al.,  2011;  Bruunef  al.,  2014).  This  abiotic  mechanism,  although  not  a  major 
pathway  of  C02  release  from  low-temperature  biochar,  as  suggested  by  Bruunef  a  1.(20 1 4),  might  still  lead  to  an 
overestimation  of  biochar  decomposition  and  should  be  considered  when  evaluating  biochar-induced  priming  of  SOM 
decomposition. 

According  to  reports  by  Cui  et  al  (2017)  during  the  first  month  of  incubation,  when  the  rate  of  biochar 
decomposition  was  highest,  the  priming  effects  were  largely  negative  or  slightly  above  zero  suggesting  a  preferential 
microbial  utilization  of  labile  carbon  in  biochar  rather  than  co-metabolism,  given  that  strong  mineralization  of  biochar 
occurred  during  this  period.  Consistent  with  the  above  observation  is  the  results  of  the  meta-analysis  performed  by 
Maestrinief  al.  (2015),  which  showed  that  many  studies  reported  negative  priming  effects  on  SOM  by  biochar  in  the  first 
20  days  of  incubation.  An  initial  preferential  use  of  exogenous  labile  carbon  inputs  by  microbes  was  also  noted  by 
Kuzyakov  and  Bol  (2006). 

The  Role  of  Pyrogenic  Carbon  in  Soil  Fertility  Improvement:  The  soil  fertility  benefits  of  Pyrogenic  Carbon 
rest  on  two  major  pillars  which  include  the  high  nutrient  affinity  of  the  carbon  and  its  persistence.  All  organic  matter  added 
to  soil  significantly  improves  various  soil  functions,  not  the  least  the  retention  of  several  nutrients  that  are  essential  to  plant 
growth.  What  is  special  about  pyrogenic  carbon  is  that  it  is  much  more  effective  in  retaining  most  nutrients  and  keeping 
them  available  to  plants  than  organic  matter  from  other  sources  such  as  leaf  litter,  compost  or  farm  manures.  Interestingly, 
this  is  also  true  for  phosphorus  which  is  not  at  all  retained  by  'normal'  soil  organic  matter  (Lehmann,  2007). 
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It  is  also  undisputed  that  pyrogenic  carbon  is  much  more  persistent  in  soil  than  any  other  form  of  organic  matter 
that  is  commonly  applied  to  soil.  Therefore,  associated  benefits  with  respect  to  nutrient  retention  and  soil  fertility  are 
longer  lasting  than  with  alternative  management. 

Nevertheless,  biochar  amendment  has  been  found  to  induce  changes  in  the  decomposition  of  soil  organic  matter 
(Kuzyakov,  2010).  By  synthesis  of  results  from  soil  incubations  with  biochar.  Maestri nic/  al.  (2015)  suggested  that  the 
addition  of  biochar  resulted  in  a  short-term  positive  priming  effect  (mineralization)  of  soil  organic  matter. 

The  short-term  priming  of  soil  C  mineralization  as  a  result  of  biochar  addition  was  generally  related  to  the  labile  C 
fraction  of  biochar  (Cross  and  Sohi,  2011;  Maestriniet  al.,  2015;  Wang  et  al.,  2016),  which  would  lead  microbes  to  switch 
their  food  sources  from  soil  organic  matter  to  the  new  carbon  inputs,  thereby  resulting  in  a  negative  priming  effect 
(Whitman  et  al.,  2014).  Alternatively,  the  labile  C  of  biochar  may  benefit  microbes  capable  of  decomposing  SOM  and  thus 
lead  to  positive  priming  effects  (Singh  and  Cowie,  2014).  Cui  et  al.  (2017)  in  their  study  on  the  interaction  between 
and  biochar  and  litter  priming  also  confirmed  that  addition  of  biochar  brought  about  a  priming  effect.  This  priming  effect 
was  reported  to  be  more  in  the  biochar  alone  than  in  the  mixture  of  biochar  and  litter.  Nevertheless,  more  than  60%  of  the 
total  C02  produced  from  biochar  alone  was  mineralized  within  31days. 

These  studies  clearly  explain  the  nutrient  availability  in  biochar  treated  soil.  Although  the  pyrogenic  carbon  is  said 
to  be  persistent  and  stable,  it  is  still  able  to  mineralize  and  release  nutrients  from  the  biochar  or  from  soil  organic  matter 
especially  at  the  early  period  of  its  application  due  to  its  labile  fraction  and  afterwards  play  a  greater  part  of  retaining  these 
available  nutrients  due  to  its  recalcitrant  component  with  highly  reactive  surface. 

Biochar  addition  alone  has  been  reported  to  significantly  increase  microbial  biomass  and  enhanced  soil  mineral  N 
contents  by  274%  (Cui  et  al,  2017).  The  increased  mineral  N  might  partly  originate  from  biochar  itself 
(Maestrinief  al.,  2014),  but  should  be  mainly  released  when  soil  microbes  mined  SOM  for  carbon  and  nutrients  as  primed 
by  the  labile  carbon  inputs  from  biochar  (Nelissen  et  al.,  2012;  Maestrini  et  al.,  2014).  The  latter  mechanism  is  facilitated 
by  the  feedstock  of  the  biochar  since  certain  feedstock  such  as  woody  biomass  tends  to  suppress  soil  N  mineralization 
compared  to  straw-made  biochar  ((Prendergast-  Miller  et  al.,  2014;  Hansen  et  al.,  2016).  Biochar  amendment  also  induces 
some  lasting  changes  in  soil,  such  as  improved  aeration  and  higher  water  holding  capacity  (Herath  et  al.,  2013),  and 
alterations  to  enzymatic  activities  or  microbial  biomass  (Lehmann  et  al.,  201 1).  In  another  study,  biochar  has  been  found  to 
correct  undesirable  pH  similar  to  lime  (Lehmann  and  Joseph,  2009)  and  can  therefore,  be  of  value  to  improve  acid  soils. 
However,  there  is  a  need  to  conduct  more  studies  in  other  to  ascertain  the  mechanism  and  to  fully  understand  the  process. 

Other  Soil  Associated  Roles:  Apart  from  soil  fertility  improvement,  engineered  pyrogenic  carbon  plays  other 
major  roles  in  the  soil  and  very  popular  one  among  these  is  the  reduction  in  the  net  emission  of  carbon  dioxide  and  other 
greenhouse  gases  that  would  ordinarily  follow  the  carbon  pathway. 

The  long  persistence  of  pyrogenic  carbon  in  the  soil  makes  it  a  prime  candidate  for  the  mitigation  of  climate 
change  as  a  potential  sink  for  atmospheric  carbon  dioxide.  The  success  of  effective  reduction  of  greenhouse  gases  depends 
on  the  associated  net  emission  reductions  through  carbon  sequestration.  A  net  emission  reduction  can  only  be  achieved  in 
conjunction  with  sustainable  management  of  biomass  production.  During  the  conversion  of  biomass  to  pyrogenic  carbon 
about  50%  of  the  original  carbon  is  retained  in  the  carbon,  which  offers  a  significant  opportunity  for  creating  such  a  carbon 
sink  (Lehmann,  2007). 
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Pyrogenic  carbon  also  plays  a  significant  role  in  the  immobilization  of  contaminants  including  heavy  metals 
which  may  have  a  phytotoxic  effect  on  plants  (Fangjiee/  al.,  2017).  This  is  as  a  result  of  their  reactive  surface  and  their 
sorptive  property.  Biochar  also  has  a  strong  affinity  for  the  pesticide.  Several  studies  have  since  confirmed  reductions  in 
the  efficacy  of  pesticides  in  the  presence  of  combustion  residues  in  soil  (Nag  et  al.  2011;  Graber  et  al.  2012). 
Yang  et  al.  (2006)  observed  that  even  doubling  the  application  rate  of  diuron  failed  to  control  weed  growth  in  the  presence 
of  0.5%  of  wheat  char  in  the  soil.  Graber  et  al.  (2012)  also  noted  that  although  weed  control  and  herbicide  efficacy  were 
hindered  in  the  presence  of  biochars,  the  effect  depended  upon  the  specific  surface  area  of  biochars,  with  higher  specific 
surface  area  resulting  in  poorer  weed  control.  This  is  an  obvious  indicate  of  agronomic  or  economic  implications,  in  terms 
of  increased  input  cost  of  pesticides  to  the  grower,  if  herbicide  application  rates  need  to  be  adjusted  for  biochar-amended 
soils.  However,  decreased  efficacy  of  pesticides  has  been  observed  only  with  freshly  applied  biochars  in  the  soil.  It  has 
been  suggested  that  after  application  to  soil,  biochar  may  rapidly  lose  its  sorption  capacity  for  herbicides  (Martin  et  al. 
2012).  Further  research  is  needed  to  investigate  this  aspect  thoroughly,  especially  under  field  condition. 

Engineered  PyC  and  its  Prospects  for  Low  Fertility  Sub-Saharan  Soils:  Sub-Saharan  soils  are  characterized 
by  relatively  low  soil  fertility  as  a  result  of  their  inherent  characteristics  and  most  times  as  a  result  of  soil  degradation 
caused  by  years  of  inadequate  soil  management.  This  is  evidenced  by  poor  yield  which  contributes  a  major  constraint  to 
agricultural  productivity  for  smallholder  farmers  in  the  Sub-Sahara  especially  in  the  semi-arid  regions 
(Mukomee/  al.,  2013).  However,  current  efforts  have  focused  on  improving  soil  fertility  through  the  use  of  synthetic 
fertilizer  alone  (Rockstromef  al.,  2009).  Omotayo  and  Chukwuka  (2009)  having  identified  the  utilization  of  organic  based 
soil  nutrient  management  systems  as  a  reliable  soil  management  strategy  for  Sub-Saharan  African  Soils,  the  incorporation 
of  the  cost-effective  biochar  presents  a  massive  opportunity  for  the  management  of  these  low  fertility  African  soils. 

Inspired  by  the  Amazonian  Terra  Preta,  engineered  pyrogenic  carbon  (especially  biochar)  has  been  identified  as  a 
soil  amendment  that  has  the  potential  to  change  the  concept  of  soil  management.  Several  studies  seem  to  agree  that  biochar 
application  to  soil  improves  nutrient  availability  and  minimal  leaching  despite  the  high  nutrient  availability  while  also 
encouraging  the  significant  increase  in  crop  yield,  improved  pasture  and  native  savanna  (Major  et  al.  2010ab). 
It  also  has  the  potential  to  control  certain  problem  soils  such  as  acid  soils  by  acting  as  a  lime  (Lehmann  and  Joseph,  2009). 

The  improvements  in  soil  quality  associated  with  biochar  application  have  often  resulted  in  enhanced  seed 
emergence,  crop  growth,  and  productivity.  Biochar  application  has  been  reported  to  enhance  crop  emergence  and 
establishment.  Solaimane?  al.  (2012)  showed  in  their  study  that  wheat  seed  germination  was  increased  with  a  single  dose 
(10  ton/ha)  of  paper  mill  biochar.  The  mechanisms  involved  may  include  improved  moisture  retention  and  availability,  and 
reduced  soil  bulk  density.  Therefore,  biochar  application  may  overcome  poor  emergence  and  crop  establishment  caused  by 
soil  crusting,  and  sealing,  and  inadequate  soil  moisture,  all  which  are  conditions  prevalent  in  several  parts  of  Sub-Saharan 
Africa. 

Biochar  can  also  play  a  critical  role  in  the  area  of  low  and  declining  soil  fertility,  unavailability  of  fertilizers  and 
limited  soil  moisture  caused  by  mid-season  dry  spells  and  droughts,  directly  increasing  crop  yield.  Cornelissene?  al.  (2013) 
reported  an  increase  in  maize  yield  by  80%  to  400%  relative  to  the  control  after  amending  a  soil  in  Zambia  with  Biochar. 
Other  studies  have  also  reported  yield  increase  following  biochar  application  ( Kimetue/  al.,  2008;  Utomoe/  al.,  2011).  In 
Ghana,  Yeboahef  al.  (2009)  reported  up  to  5%  increase  in  N  recovery  when  biochar  was  applied  to  maize  fields  on  a  sandy 
soil.  This  was  attributed  to  nutrient  retention. 
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Given  that  carbon  in  biochar  is  not  directly  taken  up  by  plants,  the  impact  of  biochar  on  crop  productivity  is 
largely  through  improvements  in  soil  physical,  chemical  and  biological  properties  and  appears  to  be  a  comprehensive  soil 
management  system  that  Sub-Saharan  Africa  soils  need. 

CONCLUSIONS 

Pyrogenic  carbon  is  not  a  silver  bullet  that  will  solve  environmental  problems  without  a  much  wider  and 
far-  reaching  strategy,  but  it  can  provide  an  important  tool  to  addressing  a  wide  range  of  the  major  challenges  bordered 
around  soil  degradation  and  food  insecurity,  climate-smart  agriculture  and  waste  management.  While  this  prospect  has 
been  embraced  by  people  in  other  parts  of  the  world  such  as  in  America  and  in  Europe  where  the  use  of  biochar  has 
become  quite  popular,  not  much  effort  has  been  made  in  advancing  this  new  soil  management  concept  in  Sub-Saharan 
Africa  when  in  actual  sense  it  the  Sub-Saharan  Africa  that  needs  it  the  most.  Studies  conducted  both  outsides  and  within 
the  Sub-Saharan  region  of  Africa  show  strong  evidence  that  engineered  pyrogenic  carbon,  especially  biochar  retain 
recalcitrant  carbon  in  the  soil  that  could  improve  soil  structure,  improve  nutrient  availability. 
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